There are multiple therapeutic options to treat tobacco (e.g., nicotine replacement therapies, varenicline) and alcohol (e.g., naltrexone, acamprosate) use disorders. In contrast, there are currently no FDA-approved pharmacotherapies to treat stimulant (e.g., cocaine, methamphetamine) use disorders. Based on a commentary published by FDA staff, a period of sustained abstinence appears required for regulatory approval of a first-in-class medication to treat stimulant use disorders. Certainly, achieving abstinence remains the goal of treatment in both real world medical practice and clinical trials. However, if a medication can help patients to significantly reduce stimulant use (short of achieving a sustained abstinence) while attempting to quit, such reductions could confer meaningful benefit. The FDA has adopted the Bpercentage of subjects with no heavy drinking days^as an endpoint for pharmacotherapy trials in alcohol use disorders; this suggests there may be a potential path forward for developing analogous, non-abstinence endpoints for stimulant use disorder trials. However, reductions in drug use per se (short of abstinence) must have prognostic value in order to be considered an acceptable basis for FDA approval. Thus, even if a medication can provide sustained reductions in drug use, the challenge ahead is to demonstrate that this Bsuccess^is accompanied by benefits that accrue in dimensions readily understood by patients and their families, and of sufficient value to be reimbursed by third party payers. Emerging data sets discussed in this paper indicate that endpoints other than abstinence may ultimately be validated as outcome measures in pharmacotherapy trials for stimulant use disorders.
Introduction
Private sector investment in the development of medications to treat substance use disorders (SUDs) is modest, particularly when compared to the societal costs created bythesedisorders.Forexample,morethan20%oftheadult US population currently smokes (http://www.samhsa. gov/atod/tobacco), which translates to a potential market ofmorethan60millionindividuals.Nonetheless,onlyone novel medication (varenicline; Chantix®/Champix®) has reached the market as a smoking cessation aid in the past decade.Farmoreinvestmentgoesintothedevelopmentof pharmacotherapies to treat the consequences of smoking (e.g., lung cancer, COPD) compared with the proximal cause [1] .Whilepsychiatricdrugdevelopment has beenin retreat for almost a decade [2, 3] , the lack of private sector investment in the development of medications to treat SUDs has long been acknowledged as a problem [4] . The perception of a very high regulatory Bbar^for approval is among the multiple factors that have contributed to this lack of investment [5] . In this article, we will review and discuss the current state of outcome measures in medicationtrialsforSUDs.Forillicitdrugs,ourfocuswillbelimited tococaineandmethamphetaminedependence,twohighp r i o r i t y d i s o r d e r s i n n e e d o f f i r s t -i n -c l a s s pharmacotherapies.
Pharmacotherapy trials in alcoholism
For alcohol use disorder, the FDA currently recognizes the percent of subjects with no heavy drinking days (PSNHDDs) as a primary endpoint measure in medication trials [6, 7] . This is essentially a binary (dichotomous) outcome, with no heavy drinking days considered a success, and ≥1 heavy drinking day(s) a failure. Based on this outcome measure, an effective pharmacotherapy would result in a significantly higher percentage of subjects reporting no heavy drinking days, defined as ≥4 drinks/day for women and ≥5 drinks/day for men, respectively, the current NIAAA definition of high-risk drinking [6] . The basis for this endpoint is the evidence linking heavy drinking days both to negative medical (e.g., liver and cardiovascular disease) and psychosocial (marital issues, loss of driver's license) consequences [6] . Furthermore, a low level of alcohol consumption (one drink/day for women, two drinks/day for men) has been linked to salutary outcomes (e.g., cardiovascular function) [8] , and many patients who do not wish to quit may more readily embrace the goal of reduced drinking rather than total abstinence.
The FDA has also endorsed a Bgrace period^for pharmacotherapy trials in SUDs, initially for alcohol and tobacco studies (e.g., 7, 9) and subsequently for other SUDs, based on a commentary [10••] that accompanied the reanalysis of a pharmacotherapy trial in methamphetamine dependence [11••] . Drug use during a grace period can be excluded from the efficacy analysis. This grace period (of unspecified duration) may allow medications to reach effective levels, which could be particularly important in medications that require lengthy titration period to minimize side effects. In the case of medications that block the rewarding effects of abused substances, a grace period may allow time for learning and associated behavioral adaptation. Perhaps most important, a grace period may begin the process of correcting the neurochemical dysregulation created by years of drug dependence [12] , which in turn may result in patients more able to engage in treatment. While a fixed duration grace period is often utilized in a dichotomized, success/failure outcome [6] , the use of a flexible grace period can increase statistical power [11••] .
Reanalysis of two large multisite alcohol trials using PSNHDDs as the outcome measure together with a grace period [6] resulted in statistically significant medication effects (naltrexone and topiramate) with small (0.22-0.26) Cohen's effect sizes. The PSNHDDs for naltrexone and placebo were 44 and 33.4 %, respectively, while the PSNHDDs in the topiramate study for drug and placebo were 13.4 and 5.9 %, respectively. Permitting a Bslip^(one heavy drinking day) after the grace period did not remarkably change the effect size or differences in the PSNHDDs between medication and placebo groups. However, compared to subjects with one heavy drinking day (HDD), subjects with no HDDs during the last 2 months of the COMBINE study (comparing oral naltrexone and placebo in this instance) had a significantly lower risk of alcohol-related consequences, as well as lower levels of all drinking outcome measures (including drinks/day and % days abstinent) during follow-up for as long as 1 year after the end of treatment. Thus, when combined with a grace period that forgives slips during the initial period of pharmacotherapy, PSNH DDs represent an endpoint that is more realistic and achievable than complete abstinence, and is an outcome that has already been achieved by available medications.
Pharmacotherapy trials in tobacco dependence
In the absence of compelling data to suggest either salutary health benefits of an abused substance or that a reduction in use (short of achieving abstinence) confers some recognizable benefits to patients, abstinence appears to be the only acceptable outcome for medication trials in SUDs [10••] . This situation is exemplified by tobacco dependence, since no amount of tobacco consumption appears to confer benefit, and while individuals who remain abstinent from tobacco derive long-term health benefits [13] , individuals who only reduce their level of smoking have not been shown to achieve meaningful benefit. Correspondingly, the increase in subjects achieving sustained abstinence was used as the basis for approval of varenicline [9] . With multiple smoking cessation products already on the market, a high bar was set for the approval of varenicline: not only was a significant increase in abstinence rate (compared to placebo) required at the end of the 12-week treatment period, maintenance of a significant separation from placebo was also required at study week 52 (that is, nine months after treatment discontinuation). It seems unlikely that such a high bar would have been set if varenicline had been a first-in-class medication. Such long-term data were not required for approval of nicotine replacement therapies or bupropion (Zyban®).
Pharmacotherapy trials in cocaine and methamphetamine dependence
In the absence of either FDA guidelines or any approved medications that could serve as benchmarks, it is logical for cocaine and methamphetamine dependence clinical trial designs to be shaped by experience in other SUDs. However, there are important differences between licit and illicit substances that are integral to a discussion of outcome measures. When a patient smokes a cigarette or drinks an alcoholic beverage, the product is fairly consistent and drug intake can be quantified (for example, the number of beers consumed with defined alcohol content). Moreover, there is virtually no concern about immediate death due to smoking or alcohol ingestion. A patient buying Bcocaine^or Bmethamphetamine^on the street, however, is administering a product of unknown purity that may contain dangerous adulterants, and there is a risk of serious harm from the acute ingestion of the intended substance or other chemicals. Further, behaviors related to the act of using and obtaining illicit drugs (such as needle sharing, purchasing, and illegal activities associated with obtaining the monies to purchase) all expose an individual to risks not shared by alcohol and tobacco. Thus, when weighing the value of similar reductions in licit and illicit substance use, it can be argued that short-term reductions in illicit substance use are substantially more beneficial to patients.
Abstaining from illicit substances is a pattern of use that is generally held to have clinical (medical, psychosocial) benefit for the patient [14, 15•, 16•] , but what duration of abstinence must be achieved to infer meaningful benefit? From an intuitive standpoint, any reduction in the frequency an individual engages in such risky behavior would appear to benefit the patient. If taking an illicit drug such as cocaine is viewed as playing Russian roulette, then reducing the frequency that an individual engages in this behavior can, in toto, be viewed as taking fewer turns spinning the cylinder. For alcohol and tobacco dependence, the value of quitting for 3 or 4 weeks at the end of an 8 to 12 week clinical trial, without evidence of maintained abstinence in long-term followup visits, is questionable. In contrast, for illicit drugs, 3 or 4 weeks of abstinence may have critical value for the patient. While such periods of brief abstinence may also hold the promise of long-term abstinence (a lifetime of abstinence from cocaine must begin with 3 weeks), requiring long-term abstinence as an endpoint for regulatory approval of a first-in-class medication may be setting the bar too high.
With the FDA's adoption of PSNHDDS as an endpoint for alcohol trials, the potential for development of analogous non-abstinence endpoints for illicit drugs merits consideration. Because of the serious health risks associated with each use of an illicit substance as well as the risk of arrest and incarceration that accompanies continued use, abstinence appears to be the gold standard that treatment providers can hold up for patients. Thus, in real world medical practice and clinical trials, achieving abstinence should continue to be the goal of treatment. However, if a medication can help patients to significantly reduce (e.g.) cocaine use (short of achieving abstinence) while they are attempting to quit, this could confer meaningful benefit.
Alternative outcome measures/endpoints for medication trials in SUDs
Multiple clinical studies have demonstrated that pharmacotherapies can produce statistically significant reductions in illicit drug use. These studies have used both continuous and discontinuous measures of drug use [15•, 17 ] to demonstrate these effects, including the percent of drug-free urine samples over the course of a trial [18] , weeks of abstinence and/or longest periods of continuous abstinence during the trial [19, 20] and weekly fraction of cocaine non-use days [20, 21] . Nonetheless, as described in the previous section, reductions in drug use per se (short of achieving abstinence) must have prognostic value in order to be considered an acceptable basis for FDA approval [10••, 22] . Moreover, even if a medication is capable of sustaining such reductions in drug use, then this Bsuccess^must be accompanied by benefits which accrue in a dimension(s) which will be readily understood by patients (and their families), relevant for public health policy makers, and of sufficient value to receive reimbursement from third party payers.
Linking reductions in drug use with clinically meaningful benefits is a formidable challenge, perhaps more so within the confines of pharmacotherapy trials of relatively short duration (typically, 8-12 weeks) that often do not include long-term follow-up. There are, however, emerging data sets indicating that endpoints other than abstinence may ultimately fulfill the high hurdle of impact on consequences expressed in the Winchell et al. (2012) commentary. Carroll and her colleagues [15•, 16 •] analyzed five randomized, controlled clinical trials (which included medication (disulfiram) and in one case, behavioral therapy) in cocaine-dependent subjects (n=434). Several continuous (e.g., percent days abstinent, percent negative urine samples, maximum days of continuous abstinence) and dichotomous (abstinence for ≥21 consecutive days during the trial) outcome measures frequently used in clinical trials were reported as significantly correlated (albeit with r values rarely exceeding 0.3) with both cocaine use and Bgood functioning^(an ASI-based composite of no cocaine use, together with no reported legal, psychological, family, or employment problems for the preceding 28 days) during the follow-up period. That is, measures such as % of subjects attaining 3+ weeks of abstinence during the trial were significantly (albeit with r values of~0.25) correlated with abstinence throughout follow-up and good functioning (as described above) at follow-up months 1, 3, 6, and 12. These data raise some potential areas for further exploration in future pharmacotherapy trials. The relatively low r values linking the reductions in drug taking with improvement in consequences at follow-up are perhaps not surprising, and consistent with the view of Martin et al.
[23] on the difficulties in measurement and methodological issues associated with quantitating the consequences of reductions in drug use. Given the complexities in measuring the distal consequences of reduced drug use (also discussed in 22), these new results represent an important step in the right direction. Thus, additional studies using different medications capable of achieving one or more of the same abstinence-related endpoints described by Carroll et al. [15•] and Kiluk et al. [16•] would lend itself to a similar Bgood functioning^analysis using the Bglobal problems^modeling construct that appears more sensitive than ASI domains composite scores in the above mentioned studies. A success/ failure dichotomization of this good functioning outcome during the follow-up period could arguably represent a clinically meaningful outcome based on a patient achieving no cocaine use and a lack of problems in multiple psychosocial domains. Integrating this Bgood functioning^composite with a pharmacoeconomic analysis with, for example, an outcome demonstrating a reduced burden on state/federal resources could make such a medication more attractive to third party payers. Carroll et al. [15• ] also reported that dichotomized versions of reduced frequency of drug use (in this analysis, 50 % or 75 % reductions) were found not to be sufficiently strongly related to indicators of either cocaine use or functioning (as described above) during follow-up. These authors suggest that the susceptibility of reduced use measurements to missing data and the difficulty in biological verification of drug use may contribute to the insensitivity of the measure. In a complementary analysis of the same dataset using structural equation modeling, Kiluk et al. [16•] reported that higher levels of cocaine abstinence (using both continuous and discontinuous outcomes) during the trial (not necessarily end-of-study abstinence) were associated with fewer reported global problems (as described above) at both end of treatment and follow-up. By including Bdays of problems^from ASI areas related to consequences of drug use in their global latent construct model, the authors indicate model sensitivity was improved, and also recommend the dichotomous measure of ≥21 days of continuous abstinence as a primary endpoint measure in medication trials. These authors conclude that the analyses indicate abstinence achieved during treatment is associated with fewer addiction-related problems when treatment ends. However, ASI subscales and the ASI composite score per se lack sensitivity; the creation of a Bdays of global problems^construct was used to improve sensitivity [16•] , which could be important for both regulatory and reimbursement purposes. In this context, it is useful to mention the commentary by Martin et al. [23] , challenging the notion that psychosocial and other societal consequences of SUDs belong to its core diagnosis. These authors point to the methodological, conceptual, and measurement issues, concluding that consequences of drug use should be regarded at best as ancillary measures. They emphasize the low sensitivity and specificity, measurement issues, and overlaps in how consequences are determined, as well as the frequent lack of direct causality of these outcomes.
The search for associations of reduced drug use with distal consequences as a means of evaluating both reductions in use and abstinence-oriented, longerterm outcomes was also examined by Crits-Christoph et al. [17] . These investigators analyzed data from the NIDA cocaine collaborative treatment study consisting of 487 patients diagnosed with DSM-IV cocaine dependence. Patients were treated with psychosocial interventions, assessed monthly during the 6-month treatment period, then at 3-month intervals up to 18 months of follow-up. The authors reported that the strongest associations were found between abstinence related measures (both continuous and discontinuous) and abstinence at follow up (12 months). Although there were multiple statistically significant correlations, the absolute values of the partial correlations were low (0.15-0.3 range), consistent with the findings reported in the Carroll et al. [15• ] data set. There were also statistically significant, albeit small correlations between some of the reduction in use (both abstinence and reduction) measures and the ASI legal subscale at month 12. While these studies were focused on psychosocial rather than medication based interventions, the data are generally consistent with the conclusions from the Carroll et al. [15•] and Kiluk et al. [16•] analyses, indicating that abstinence measured during the course of a trial is related to abstinence at long-term follow-up.
The association of reductions in cocaine use with health-related outcomes has been an elusive goal. Recently, Lai et al. [24• ] described a pilot study consisting of 22 African American male chronic (average length of usẽ 13 years) cocaine users enrolled in a voucher incentive-based program. Subjects received escalating monetary rewards for sustaining abstinence from cocaine (confirmed by urinalysis), while a positive test reset the incentive level to week 1. During a six-month period, mean use of cocaine was reduced between~60-80 %. These investigators reported (after adjusting for sex, age, and cardiovascular risk) that 6 months of cocaine abstinence was associated with lower circulating levels of endothelin-1 (ET-1). Moreover, the number of days of cocaine use was positively correlated with ET-1 levels. These associations, evinced using a generalized estimating equation analysis and small sample size, must be considered very preliminary. Nonetheless, the observation that cocaine abstinence and reduced use of cocaine are both associated with lower ET-1 levels is consistent with a previous report of significantly higher ET-1 levels in cocaine users compared to non-users, and that 1 month of abstinence in a drug rehabilitation setting resulted in significantly lower levels of ET-1 [25] . Because ET-1 is a marker for endothelial function and damage [26] , changes in ET-1 may ultimately prove useful as a downstream biomarker for assessing salutary consequences of reductions in cocaine use. Thus, cocaine use has been implicated in the development and acceleration of coronary artery disease [27, 28] , and both clinical and epidemiological evidence suggest that cocaine use is associated with subclinical atherosclerosis [29] perhaps leading to studies that could validate a health outcome measure for medications targeted at cocaine use disorder.
Conclusion
Reductions in cocaine use may be correlated with fewer problems in areas broadly connected to general health and psychosocial arenas/domains. While the reported correlations [15•, 16•] are not robust, these data indicate that reduced drug use tips the point of risk-benefit in the desired direction. Additional data, likely to emerge from large epidemiological studies, will be required to corroborate and expand on these initial findings. Newly emerging data from Lai and his associates [24• ] also offer the promise of a biomarker (circulating levels of endothelin-1) linked to a health-related outcome that appear sensitive to changes in cocaine use. In addition, with an ever increasing knowledge of neurocircuitry, the affective, motivational, cognitive, and social functions that constitute daily experience can be viewed as patterns of interactions among networked brain circuits. Symptoms and symptom domains (in this case, as related to SUDs) may then be conceptualized as alterations of neuronal networks. These alterations can be viewed as the foundations of susceptibility to domains of neuro-and psychopathology. On this basis, we may be on the brink of a new era, wherein place of discrete disorders defined by DSM-V criteria, symptom domain(s), potentially crossing several DSM categories, may essentially become a therapeutic target with endpoints that would quantify neurocircuitry dynamics and their corresponding behavioral outcomes, perhaps even across a range of SUDs and beyond [30, 31] . Studies that conceptualize addictions within the framework of Research Domain Criteria (RDoC) defining symptom domains that associate brain circuitry and function may impact the structure of endpoints and redefine outcomes for pharmacotherapy trials in years to come. These types of data could form a foundation for public policy decisions as well as provide endpoints and outcome measures for pharmacotherapy trials in SUDs.
